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3. Soot primary particle nucleation rates in laminar premixed and diffusion flames were

similar for comparable temperatures and concentrations of H and acetylene. A crude correlation

of soot primary particle nucleation rates was achieved using these variables but a more complete

model of soot nucleation that accounts for soot precursor species and processes of coalescence,

dehydrogenation, etc., should be sought in order to achieve a more complete and robust

treatment of soot nucleation.

4. Laminar Diffusion Flame Studies (Ground- and Space-Based Studies)

4.1 Introduction

Laminar diffusion flames are of interest because they provide model flame systems that

are far more tractable for analysis and experiments than more practical turbulent diffusion

flames. Certainly, understanding flame processes within laminar diffusion flames must precede

understanding these processes in more complex turbulent diffusion flames. In addition, many

properties of laminar diffusion flames are directly relevant to turbulent diffusion flames using

laminar flamelet concepts. Laminar jet diffusion flame shapes (luminous flame boundaries) have

been of particular interest since the classical study of Burke and Schumann (1928) because they

are a simple nonintrusive measurement that is convenient for evaluating flame structure

predictions. Thus, consideration of laminar flame shapes is undertaken in the following,

emphasizing conditions where effects of gravity are small, due to the importance of such

conditions to practical applications.

Another class of interesting properties of laminar diffusion flames are their laminar soot

and smoke point properties (i.e., the flame length, fuel flow rate, characteristic residence time,

etc., at the onset of soot appearance in the flame (the soot point) and the onset of soot emissions

from the flame (the smoke point)). These are useful observable soot properties of nonpremixed

flames because they provide a convenient means to rate several aspects of flame sooting

properties: the relative propensity of various fuels to produce soot in flames; the relative effects

of fuel structure, fuel dilution, flame temperature and ambient pressure on the soot appearance

and emission properties of flames; the relative levels of continuum radiation from soot in flames;

and effects of the intrusion of gravity (or buoyant motion) on emissions of soot from flames. An

important motivation to define conditions for soot emissions is that observations of laminar jet

diffusion flames in critical environments, e.g., space shuttle and space station facilities, cannot

involve soot emitting flames in order to ensure that test chamber windows used for experimental

observations are not blocked by soot deposits, thereby compromising unusually valuable

experimental results. Another important motivation to define conditions where soot is present in

diffusion flames is that flame chemistry, transport and radiation properties are vastly simplified



40

when soot is absent,making suchflames far more tractablefor detailednumericalsimulations
thancorrespondingsoot-containingflames.

Motivatedby theseobservations,theobjectivesof this phaseof the investigationwereas
follows:

1. Observeflame-sheetshapes(the locationof the reactionzonenear¢p--1) of nonluminous

(soot free) laminar jet diffusion flames in both still and coflowing air and use these results to

develop simplified models of flame-sheet shapes for these conditions.

2. Observe luminous flame boundaries of luminous (soot-containing) laminar jet diffusion

flames in both still and coflowing air and use these results to develop simplified models of

luminous flame boundaries for these conditions. In order to fix ideas here, maximum luminous

flame boundaries at the laminar smoke point conditions were sought, i.e., luminous flame

boundaries at the laminar smoke point.

3. Observe effects of coflow on laminar soot- and smoke-point conditions because coflow

has been proposed as a means to control soot emissions and minimize the presence of soot in

diffusion flames, see Dai and Faeth (2000) and Lin and Faeth (1996a,1996b).

The following description of this phase of the research is relatively brief. Additional

details may be found in Dai and Faeth (2000), Lin and Faeth (1996a, 1996b, 1998,1999,2000), Lin

et al. (1999), Urban et al. (1998,2000) and Xu et al. (2000b).

4.2 Experimental Methods

Flames in Still Air. Two flame conditions were considered, involving laminar jet

diffusion flames in still and coflowing air. Present interests were devoted to nonbuoyant flames

which was achieved either by carrying out experiments using ground-based (drop tower, aircraft)

or space-based (space Shuttle) _crogravity facilities or by c_ing out experiments at normal

gravity but at reducedpressures Which provides a way Of simulating small gravity conditions as

discussed by Law and Faeth (1994). Finally measurements at normal gravity but at reduced

pressures with strong coflow also involve conditions where effects of buoyancy are small (Dai

and Faeth, 2000).

Several test arrangements were used for laminar jet diffusion flames in still air but they

were aH similar to the space shuttle facility used by Lin et al. (1999) and Urban et al.

(1998,2000). In this facility, laminar jet diffusion flames were stabilized at the exit of round fuel
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nozzleslocatedalongthe axisof awindowedchamber.Thechamberhada diameterof 400 mm

and a maximum length of 740 mm and was operated at pressures of 35-130 kPa in air

environments. Various round fuel nozzles were used having thin tube walls. The nozzle inlets

had flow straighteners and length/diameter ratios greater than 55:1 to yield fully developed

laminar pipe flow at the nozzle exit.

Monitoring measurements included fuel flow rates, fuel temperature, chamber pressure

and chamber temperature. Flame shapes were measured using a color video camera (Hitachi

Model KP-C553) with a spatial resolution better than 0.3 mm. Photographs were also obtained

using a filter designed to pass radiation from the excited CH band associated with radical

reactions in the flame sheet (430 nm center frequency with 10 nm half-width pass band), which

provided a way to find the flame sheet in the presence of luminous yellow soot luminosity.

Original sources should be consulted to find detailed information about test conditions.

The main test parameters were as follows: fuels included methane, acetylene, ethylene,

propylene, propane and 1-3 butadiene; burner diameters were 0.8-5.4 ram; burner exit Reynolds

numbers were 2-172, luminous flame lengths were 5-108 mm and pressures were 3-100 kPa.

Flames in Coflowing Air. Detailed descriptions of this facility can be found in Lin et al.

(1996a), Dai and Faeth (2000), and Xu et al. (2000b). The burner was placed in a cylindrical

chamber, directed vertically upward, with the tests generally carried out at pressures smaller than

50 kPa in order to minimize effects of buoyancy. The burner was a coaxial-tube arrangement

with the fuel flowing from the inner port and air flowing from a concentric outer port (60-mm

inside diameter). The inner port had sufficient length to yield fully developed laminar pipe flow

at the burner exit. Flame lengths were limited so that test conditions approximated flames in a

uniform air coflow. The windowed chamber had a diameter of 300 mm and a length of 1200

mm. Optical access was provided by pairs of opposing windows having diameters of 100 mm.

Monitoring measurements were the same as for flames in still air, except that the air

coflow velocity was monitored as well. In this case, flame shapes were obtained using a 35 mm

reflex camera, subsequently printing the photographs using a 100x125 mm film format. The

flame shapes were measured directly from the films.

Original sources should be consulted to find detailed information about test conditions.

The main test parameters were as follows: fuels included methane, acetylene, ethylene,

propylene, propane, and 1-3 butadiene; fuel port diameters were 1.6-6.0 mm; burner exit

Reynolds numbers were 2-219; ratios of initial air/fuel velocities were 0.008-32.5; luminous

flame lengths were 5-108 mm; and pressures were 3.5-50 kPa.
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4.3 Theoretical Methods

Flames in Still Air. The goal of analysis was to develop a convenient way of

interpreting and correlating the flame shape measurements. A set of easily used equations was

sought, along with recommendations for selecting the thermodynamic and transport properties

appearing in these equations, as opposed to more complete methods that would require numerical

solutions on a computer. Two conditions were considered; namely, laminar jet diffusion flames

in still air and in coflowing air at nonbuoyant conditions.

The basis of the analysis of nonbuoyant laminar jet diffusion flames in still air was the

simplified analysis of Spalding (1975). The major assumptions of this analysis are as follows:

(1) only steady, axisymmetric laminar jet diffusion flames at constant pressure in still

environments are considered; (2) effects of buoyancy and potential energy changes are small; (3)

the Mach number of the flow is small so that effects of viscous dissipation and kinetic energy

changes can be ignored; (4) the flame has a large aspect ratio so that diffusion of mass (species),

momentum and energy in the streamwise direction is small; (5) for the same reasons, the solution

of the governing equations can be approximated by far-field conditions where the details of

initial conditions at the jet exit can be replaced by jet invariants for the conservation of mass

(elements), momentum and energy in the integral sense; (6) all chemical reactions occur in a thin

flame sheet with fast chemistry so that fuel and oxidant are never simultaneously present within

the flame; (7) the diffusivities of mass (of all species), momentum and energy are all equal; (8)

all thermophysical and transport properties are constant throughout the flame; and (9) effects of

radiation are small. The assumptions are discussed by Lin et al. (1999). The last three, however,

are not satisfied by laminar diffusion flames and are only adopted so that simple formulas for

flame shape can be found, and due to the past success of similar approximations for analysis of

the shapes of laminar diffusion flames (Spalding, 1975).

The formulas for flame shapes obtained using these approximations appear in Lin et al.

(1999). Correlation of these formulas with measurements was sought by selecting conditions to

find mean transport parameters and introducing some empirical parameters, as follows: the equal

diffusivity approximation was replaced by introducing the Sc_dt number, Sc = 0.76, based on

air properties; transport properties were taken to be the properties of air at the average of the

adiabatic flame temperature and the ambient temperature; the correlations were extended to

small aspect ratios by introducing a virtual origin, Lo; and an empirical coefficient, Ce, was

introduced to best fit the correlations to measurements and account for effects of differences

between soot and flame sheet luminosity. With these changes, the luminous flame length

becomes:
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(Lf-Lo)/d= (3CJ32)ReSc/Zs, (12)

whereas,theexpressionfor the luminousflamediameterbecomes:

wZffd = 3*n_(__e- 1)_ (13)

where

= (z-Lo)/(LFLo) (14)

Flames in Coflowing Air. The basis for the analysis of nonbuoyant laminar jet diffusion

flames in coflowing air was the same as Lin et al. (1999) for flames in still air, and the

assumptions used in the analysis were the same as well. The resulting equation for the luminous

flame length becomes:

(Lf-Lo)/d = (C/16)ReSc/Zs, (15)

whereas, the expression for the luminous flame diameter becomes:

wZdd = [-;(udU.o)ZJn{;}] (16)

where _ can be found from Eq. (14) as before. The algorithm for finding physical properties in

Eqs. (15) and (16) was also the same as for the flames in still air. Remarkably, Eq. (15) indicates

that luminous flame lengths in coflow are proportional to the mass flow rate of fuel and

independent of coflow velocity, similar to flames in still air, but they are only 2/3 as long. Direct

effects of coflow velocity also manifest themselves with respect to flame diameters, as is evident

from Eq. (16).

4.4 Flame Shape Properties

Luminous Flame Lengths. Measured and predicted luminous flame lengths for

nonbuoyant laminar jet diffusion flames in still air are illustrated in Fig. 14. These results are

plotted according to Eq. (12) for tests carried out at microgravity using Space Shuttle facilities

for ethylene- and propane-fueled flames burning in still air. These results involved soot-

containing flames at the laminar smoke point where yellow soot luminosity extends significantly

beyond the flame sheet where _=1. Best fit values of the empirical parameters were Lo/d = -3.2

and Cf = 1.13. The simplified theory of Eq. (12) does a remarkably good job of correlating the
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measurementswith thebaselineresult,for Cf=l, very closeto themeasurements.Flamelengths

at the laminarsmokepoint arealso seento benot muchaffectedby whetheror not the flames
wereactuallyemittingsoot.

Severaladditionaldeterminationsof luminousflame lengthsareplotted assuggestedby

Eq. (12) in Fig. 15 in order to gain insight about effectsof unsteadiness,buoyancyandsoot
luminosity. All themeasurementsarecorrelatedquitenicely accordingto Eq. (12)but valuesof
Cf differ considerably.Theresultsfor low gravity testsusingtheKC-135 facility areclosestto
the space-baseddatabut aresignificantly shorterwith Cr=0.8(e.g.,the space-basedflamesare
40% longer) due to effectsof disturbancesto the gravitational field (g-jitter) with enhanced

mixing due to thesedisturbancestendingto reduceluminousflame lengths. The next closest
resultsinvolved luminousflame lengthsof soot-containingflamesnearthe laminarsmokepoint

at normalgravity yielding Cf=0.57dueto enhancedmixing resultingfrom buoyantmotion. The
last resultsaredueto Sunderlandet al. (1998)which yield luminousflame lengthsvery similar
to the resultsfor buoyant flameswith Cr=0.56but for very different reasons. Theseflames

involved nonbuoyantsoot-free (blue)methane,ethane-and propane-fueledflamesburning in
still air atmicrogravityconditionsusinga2.2sdrop towerfacility. In thiscase,burnervelocities,
fuel flow ratesandambientpressureswere manipulatedto eliminate the presenceof sootand
enhanceratesof flame developmentto steadyconditions. Thus, it is likely that theseresults
involveobservationsof theflamesheetitself whereasluminousflame lengthsof soot-containing
flamesat the laminarsmokepoint involveyellow luminosityfrom sootthat is presentbeyondthe
flame sheetand well into the fuel-leanregionbefore the luminosity disappearswhen the soot
finally bumsout dueto sootoxidation. Thus,for steadynonbuoyantlaminarjet diffusion flames
in still gases,luminousflame lengthsat thelaminarsmokepoint areroughly twiceas longasthe
maximumstreamwisepositionof the flamesheetdue to soot luminosity in the fuel-leanregion

beyondtheflamesheet.

As suggestedby theequationsfor luminousflame lengthsfrom the simplified theories,
Eqs.(12) and (15), coflow alsoaffectsluminousflame lengths. This behavioris illustrated in
Fig. 16which involvesmeasurementsandcorrelationsbasedonEqs. (12) and(15), asfollows:
smoke-pointflame lengths in still gases(Cf=l.05) from Lin et al. (1999); smoke-pointflame
lengthsin coflow (Cf=l.05) from Lin and Faeth(1999), soot-pointflame lengthsin still gases
(Cf=0.52)from Xu et al. (2000b)andsoot-pointflame lengthsin coflow (Cw--0.54)from Xu et al.
(2000b). It is evidentthattheflame lengthmeasurementsfor all theseflows arecorrelatedquite
well by Eqs.(12)and(15). In particular,for similar sootconditions(soot-freeor at the laminar
smokepoint) flamesin still gasesareroughly50%longer thanin still gasesasprescribedby the
simplified theories. In addition,valuesof Cf at the laminar smokepoint condition are roughly
twice aslarge asthosefor soot-freeflamesat comparableconditions;thus, thepresenceof hot
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soot particles in the fuel-lean portion of the flame significantly extends (by up to a factor of

roughly 2) the region where flame luminosity is observed.

Luminous Flame Shapes. Measured and predicted flame shapes are illustrated in Fig.

17 for flames at the laminar smoke point in still gases, in Fig. 18 for flames at the laminar smoke

point in coflowing gases, and in Fig. 19 for soot-free flames in coflowing gases. The last shows

the results for flame sheet locations with and without the C-H filter, indicating that both methods

provide good indications of the location of the flame sheet in this instance. The agreement

between the flame shape measurements and the predictions of the simplified theories is

remarkably good, which generally is the case when predicted flame lengths are accurate. The

main exception is the near-injector condition in strong coflow where the assumptions of a large

aspect ratio, boundary layer type of flow, are not valid and predictions are not expected to be

accurate.

4.5 Soot and Smoke-Point Properties

Introduction. Several properties of soot-containing diffusion flames were of interest

during the present investigation in addition to the flame structure, soot growth, soot oxidation,

soot nucleation and flame shape properties that have already been discussed. The first of these

relates to simplified ways to model the structure of practical soot-containing turbulent diffusion

flames by exploiting well known methods using the laminar flamelet approximation which

involves finding state relationships for scalar properties solely as a function of the degree of

mixing of the flow, typically represented by the local mixture fraction of the flow. Such ideas

have been considered for modeling turbulent diffusion flames since the early work of Hawthorne

et al. (1949). Bilger (1976) demonstrated the existence of state relationships for the

concentrations of major gas species even in soot-containing diffusion flames, leading to

successful predictions of turbulent diffusion flame structure and radiation properties in some

instances, see Gore and Faeth (1986,1988). Similar success was not achieved for soot properties

in flames, however, due to the problems of buoyant laminar diffusion flames properly

representing soot properties in turbulent diffusion flames (where local effects of buoyancy are

small) that were discussed in connection with Fig. 1 (also see Faeth (2001) and Law and Faeth

(1994)). Thus, one part of the present work sought better understanding of the potential for soot

property state relationships in turbulent diffusion flames.

Several properties representative of the soot and smoke-point properties of laminar

diffusion flames (definedas the laminar flame lengths at conditions where the flame just begins

to emit and to contain soot, respectively) were also studied during the present investigation.
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Thesepropertiesareof interestbecausetheyprovidewell-definedparametersthat canbeusedto
highlight differencesbetweennonbuoyantandbuoyantflamesandto providewaysof evaluating
soot formation and oxidation models. Therealso is interestin laminar smokepoints because
allowable flame test conditions are often limited by the requirementnot to emit soot. For

analogousreasons,thereis interestin laminarsootpointsdueto the vastly simplified chemistry
of soot-freeflameswhich makesthemmuchmoretractablefor detailednumericalsimulationsof

flamechemistrythancorrespondingsoot-containingflames.

A third issueof interestduring thisphaseof the investigationinvolved waysto minimize
sootconcentrationsin flamesaswell as sootemissionsfrom flamesby manipulatingthe flow

environmentof flames. In particular,Hussmanand Maybachs(1961) demonstratedlong ago
thathydrocarbon-fueleddiffusionflameswhereinitial fuel velocitieswereretardedcomparedto
initial air (or oxidant) velocitiesresultedin startlingreductionsof sootconcentrationsin flames
and tendencies for soot emissions from flames. Subsequentwork by Lin and Faeth
(1996a,1996b,1998,2000)and Dai and Faeth (2000) also demonstratedthat retarded fuel
velocities comparedto air (oxidant) velocities extendedconditions where laminar diffusion
flamesdid not eitheremitor containsoot.

In view of these observations, three issues concerning the soot and smoke-point

propertiesof laminarjet diffusionflameswereconsidered,asfollows: staterelationshipsfor soot
properties, laminar soot and smoke-pointpropertiesand hydrodynamic suppressionof soot.
Nonbuoyantflameswereemphasizedduring this work becauseeffectsof buoyancymodify soot

propertiesin flamesandtendto obscureimportant trends. Experimentalmethodsfor the work
were alreadydescribedin connectionwith the shapepropertiesof laminarjet diffusion flames
andwill not be consideredagainhere. Finally, thefollowing descriptionof this work is brief,
more details can be found in Dai and Faeth (2000), Faeth (1997,2001), Lin and Faeth

(1996a,1996b,1998,2000)andUrbanet al. (1998,2000).

StateRelationships for Soot Properties. A relatively primitive level of modeling of the

structure of diffusion flames is based on finding state relationships for various degrees of flame

strain in order to develop laminar flamelet libraries. These libraries are then used to find the

structure of turbulent diffusion flames. State relationships generally are found from

measurements in laminar diffusion flames, which is quite reasonable for scalar properties such as

the concentrations of major gas species and temperatures. This approach avoids current limited

understanding of soot processes in flames, and for the present, provides more reliable state

relationships than predictions of numerical simulations involving detailed treatment of soot

chemistry. This approach is not effective for soot properties, however, because buoyancy affects

soot paths differently for different parts of buoyant laminar diffusion flames (as discussed in
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connectionwith Fig. 1) sothat thesepropertiesdo not exhibit the universal(path independent)
behavior of propertieshavingproperstaterelationships. It is the premiseof this phaseof the
investigation that when effects of buoyancyare small, the true state relationships for soot
properties within practical flames, which generally are not buoyant, can be found from
observationsof laminarflames.

The simplified analysisconsideredin the last sectionhelpsto understandflame shape
properties,andcanprovidesomejustification for the presenceof universal sootproperty state
relationships,sayfor sootvolume fractions, in nonbuoyantlaminar jet diffusion flames. An
importantresult of this simplified analysisis illustrated in Fig. 20. This involves sketchesof
streamlinesfor nonbuoyantlaminarjet diffusion flamesaswell asthe locationof theflamesheet.
In this flow there are two fundamentalgroups of streamlines: (1) internal streamlinesthat

originate at the nozzleexit andpassdirectly throughthe flame sheet,andexternalstreamlines
that originateoutsidethenozzleexit andinitially passinside theflame sheetbeforeturning and
passingoutsidethe flamesheetonceagain. The two groupsof streamlinesareseparatedby the
"dividing streamlines"that originatefrom thenozzlewall itself, andaresketchedin Fig. 20. As
a practical matter,most of the sootgeneratedin laminardiffusion flamesis generatedby soot
particlespassingalonginternalstreamlinesbecausethesepathsspendthe mosttime at thefuel-
rich conditions that favor the formation of soot. Now a remarkablefeature of nonbuoyant

laminarjet diffusion flames(achievedexactlyunderthe approximationsusedin the simplified
flame shapeanalysisandmoreprobablyjust approximatelyfor actualflameshaving variable
physicalproperties,etc.) is thatthevariationof all scalarpropertiesasa function of time for soot
travelingalonginternalstreamlinesis identical,i.e., thevariationwith time is independentof the
path. Given this fact, ratesof soot growth and oxidation along all of thesepathsshouldbe
identical which implies that all soot properties should be identical as well. For such

circumstances, soot properties as a function of the degree of mixing (represented by the fuel

equivalence ratio or mixture fraction) should also be independent of the path and should exhibit

universal properties as a function of, say, mixture fractions so that state relationships for soot

volume fractions should be observed, similar to other scalar properties in laminar diffusion

flames. Furthermore, this relationship is independent of the velocity of the fuel near the burner

exit or source of the flame because doubling (say) the fuel velocity simply doubles the length of

the flame between the burner exit and the flame sheet along any streamline, so that the variation

of flow properties as a function of time remains unchanged. For such circumstances, the flame

and soot property state relationships are independent of both the streamline path (in the region

enclosed by the dividing streamlines) and the initial fuel/air (oxidant) state so that universal state

relationships suitable for a broad range of flame conditions should be achieved.
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Measurements of both soot properties and gaseous scalar properties (sufficient to allow

the local mixture fraction to be computed) in completely nonbuoyant laminar jet diffusion flames

having small effects of radiation and thermophoresis are needed to convincingly evaluate laminar

flamelet concepts for soot properties and to demonstrate the existence of universal state

relationships for soot properties in laminar diffusion flames for given burner exit and ambient

compositions, temperatures and pressures. Unfortunately, these requirements are beyond the

capabilities of currently planned space-based laminar diffusion flame experiments. In particular,

the LSP experiment can adequately define soot concentration and temperature properties within

steady and nonbuoyant laminar jet diffusion flames but does not have the capability to measure

the gaseous compositions of the test flames and thus their local mixture fractions. Nonetheless,

data from the LSP experiments can provide evidence for necessary (but not sufficient) conditions

for the existence of soot volume fraction state relationships in properly steady and nonbuoyant

laminar jet diffusion flames when effects of radiation and thermophoresis are small. In

particular, if the variation of scalar properties as a function of time are universal for streamlines

within the dividing streamlines as illustrated in Fig. 20, the soot formation and oxidation

amounts along each streamline should be identical which implies that maximum soot

concentrations should be the same for various streamlines passing from the burner exit to the

surroundings of the flame.

Measurements relating to the potential existence of soot volume fraction state

relationships are illustrated in Fig. 21. These results involve crosstream distributions of soot

volume fractions for an ethylene-fueled laminar jet diffusion flames burning in still air from the

LSP Space Shuttle experiments (LSP Experiment 03E* as defined by Lin et al. (1999) and Urban

et al. (1998,2000)). This experiment was carried out at a total pressure of 50 kPa, where effects

of radiation and thermophoresis of soot particles were small due to the relatively large flow

velocities within the flame sheet. Two sets of results are shown on this plot, measured early and

late in the combustion process, with the latter exhibiting somewhat broader and somewhat

smaller maximum concentrations due to the somewhat smaller ambient oxygen concentration

caused by oxygen consumption by the flame with increasing time. In any event, it is evident that

maximum soot concentrations are nearly the same at each time when data is shown in Fig. 21 (in

the range 1.5-2.0 ppm) for the various paths from the burner exit to the surroundings. This

behavior satisfies a necessary condition for the existence of a soot volume fraction state

relationship for this flame condition. An exception to this behavior is the first streamwise

position shown in Fig. 21, z=20 mm, where the maximum soot concentration (0.7 ppm) is

roughly half that of the other paths. This behavior corresponds to well known exceptions to state

relationships for major gas species in laminar jet diffusion flames associated with points of flame

attachment. Another factor influencing soot concentrations near the burner exit is the different

convection pattern of soot particles outside the dividing streamlines compared to the rest of the
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flow as discussedin connection with Fig. 20. Nevertheless,the bulk of the flame is not

influencedby theseeffectsand exhibits potential for the existenceof soot concentrationstate
relationships.

Additional evidence providing necessary conditions for the existence of state

relationships for soot concentrationstaterelationshipsin steadyand nonbuoyantlaminar jet
diffusion flames for conditions when effects of radiation and thermophoresisare small is

provided in Fig. 22. Theseresultswere all obtainedfrom theLSP SpaceShuttleexperiments
(Experiment03E*, 02E,03Eand 17E)whencharacteristicresidencetimes,t_ = 18-63ms,were
sufficiently small so that effects of radiation and thermophoresiswere small. The paths
considered,with oneexceptionfor illustrative purposesonly, weregenerallybeyondthe region
whereeffectsof flame attachmentand flow outsidethe dividing streamlinesare factors. The
resultsshownon the figure aretheratio of themaximumsootvolumefraction for a path to the

averageof the maximumsootvolumefraction for all pathsconsidered,SVF/SVFavg,plotted asa
function of theratio of the streamwisepositionwheremaximumwasobservedto theluminous

flamelength,z/Lf. Aside from onenear-injectorexception,thevaluesof SVF/SVFavg,areseento
all be unity with experimental uncertainties. Thus, these findings support the necessary
conditionsfor thepresenceof sootvolumefractionstaterelationshipsfor steadyandnonbuoyant
laminar jet diffusion flames when effects of radiation and thermophoresisare small. More
evidence along these lines will be sought during future LSP experimentswhere improved
understandingof the propertiesof theseflameswill allow testconditionsto be selectedwhere
effects of unsteadiness,buoyancy,radiation andthermophoresisthat obscureobservationsof

sootvolumefractionstaterelationshipscanbeavoided.

Laminar Smoke Point Properties. Laminar smoke point properties, i.e., the length of a

laminar jet diffusion flame when it just begins to emit soot, were measured for round laminar jet

diffusion flames in still air at various pressures. Two flame arrangements were used for these

measurements of non-buoyant flames: (1) the KC-135 aircraft facility, and (2) the LSP Space

Shuttle facility that was described earlier. The following discussion of the laminar smoke point

measurements made with these facilities is brief, more details about the KC-135 measurements

can be found in Sunderland et aI. (1994), whereas more details about the LSP measurements can

be found in Urban et al. (1998,2000) and Lin et al. (1998). The laminar smoke point

measurements in nonbuoyant flames were also supplemented by conventional measurements in

buoyant flames due to Schug et al. (1980) and Sivathanu and Faeth (1990a).

In view of the different mechanisms leading to the onset of soot emissions for buoyant

and nonbuoyant laminar jet diffusion flames, it is not surprising that they have substantially

different laminar smoke point properties. This behavior is illustrated in Figs. 23 and 24 by plots
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of laminarsmokepoint flame lengthsasa function of pressurefor ethylene-andpropane-fueled
flames. Measurementsillustrated in the figures includeresultsfor non-buoyantflameshaving
exit diametersof 1.6and2.7 mm from the space-basedexperiments(Urban et al., 1998,2000),

results for non-buoyant flames having jet exit diameters of 1.6, 2.7 and 5.6 mm from Sunderland

et al. (1994) using the KC-135 low gravity facility, and results for buoyant flames having jet exit

diameters of 10.0 mm from Schug et al. (1980) and 14.3 mm from Sivathanu and Faeth (1990a).

There are several interesting features about the measurements illustrated in Figs. 23 and

24. First of all, the laminar smoke point flame lengths of non-buoyant flames are significantly

smaller than those of the buoyant flames. In particular, the laminar smoke point flame lengths of

the ground-based non-buoyant flames up to 6.4 times longer than the space-based (STS 83 and

94) non-buoyant flames at comparable conditions. This behavior comes about because the non-

buoyant flames have much larger characteristic residence times (up to 300 ms, see Lin et al.

(1998)) than the buoyant flames (up to 50 ms, see Sivathanu and Faeth (1990a)), due to buoyant

motion, in spite of the greater length of the buoyant flames. This provides greater potential for

radiative heat losses for the nonbuoyant flames, leading to radiant quenching of soot oxidation

reactions which tends to promote soot emissions.

Another important feature of the laminar smoke point flame lengths illustrated in Figs. 23

and 24 is that the space-based nonbuoyant laminar smoke point flame lengths are significantly

smaller than corresponding measurements in nonbuoyant flames using ground-based (KC-135)

facilities m up to a factor of 2.3 shorter at comparable conditions. This behavior is caused by

the closer approach to steady, non-buoyant flame properties during the long-term space

experiments compared to the relatively unsteady and disturbed microgravity environment of the

KC-135 facility. In particular, flow velocities are very small near the flame tip of non-buoyant

laminar jet diffusion flames and can be disturbed by small levels of g-jitter. This behavior

results in enhanced mixing which delays radiative quenching. This behavior is exacerbated by

the relatively slow development of non-buoyant flames for the relatively large jet exit diameters

considered during the KC-135 experiments so that flame response times generally were longer

than periods when the test apparatus was free of disturbances. Additional evidence of enhanced

mixing during the ground-based microgravity tests compared to the space-based tests is provided

by observations of generally shorter luminous flame lengths at comparable conditions for the

ground-based tests than the space-based tests, as discussed in connection with Fig. 15.

Another difference between the laminar smoke point properties of non-buoyant flames

from ground-based and space-based microgravity facilities involves the pressure dependence. In

particular, the space-based experiments yield laminar smoke point flame lengths that are roughly

inversely proportional to pressure. This effect of pressure comes about because increased
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pressurestend to increaseratesof soot formationand to increaseresidencetimes availablefor
sootgrowth for given burnerconditionsandflame lengths:both of theseeffects imply smaller
flame lengths for the onsetof soot emissionsas pressureincreases. In contrast, the more
disturbedmicrogravity environmentof theground-basedfacilities yieldsanevenstrongereffect
of pressureon reducinglaminarsmokepointflamelengthsasdiscussedby Urbanet al. (2000).

Other propertiesof the laminarsmokepoint plottedin Figs. 23 and 24 arequalitatively
similar for non-buoyantspace-basedflamesandbuoyantflames. In particular,effectsof jet exit
diameteron laminar smokepoint flame lengthsaresmall in all threecasesandall three flame

conditions indicate that ethylene-fueledflames emit soot more readily than propane-fueled
flames.

Hydrodynamic Suppressionof Soot. The last issueconsideredduring this phaseof the

LSP investigationinvolved studiesof hydrodynamicwaysto suppresstheformation of soot. As
noted earlier, this work wasbasedon theoriginal ideasof HussmanandMaybach(1961) who

demonstratedthat soot formation in hydrocarbondiffusion flames wassuppressedwhenever
initial fuel velocitieswereretardedcomparedto initial air (or oxidant)velocities. Presentstudies
of the shapesof laminarjet diffusion flamesin coflowing air, discussedin Section4.4, help to

provide anexplanationof this behavior. In particular,the positionof theflame sheetin laminar
jet diffusion flamesin strongcoflow is mainly fixed by thefuel flow velocity, andasaresult the
characteristicresidencetimein theflameis inverselyproportionalto theair coflow velocity Lin
andFaeth(1999). Thus,by retardingthefuel flow velocity, flame residencetimes canbemade

sufficiently smallto preventsootemissionsfrom theflameor evensootformation in theflames
(Lin andFaeth1996a,Dai andFaeth,2000). Theobjectiveof this phaseof the investigationwas

to investigatethe suppressionof soot formation in laminar jet diffusion flames in coflow by

retardingfuel velocities.

Thetestarrangementusedfor thisstudywassimilar to the arrangementusedby Lin and
Faeth(1996a,1999). Measurementswerecarriedout at subatmosphericpressuresto minimize
effectsof buoyancy(Law andFaeth,1994).Thetestburnerwasavertical coaxialtubewith fuel

flowing from an innerport havinginsidediametersof 1.7,3.2 and6.4 mm andair flowing from
anouterport havingan insidediameterof 60 mm. Theburnerwasoperatedwithin a windowed
chamberhavingan insidediameterandlengthof 300 and 1200mm, respectively. Acetylene-,

ethylene-,propane- and methane-fueledlaminar jet diffusion flames in coflowing air were
considered.

Lin and Faeth(1996a)had consideredeffects of fuel and air velocities for the soot

emissionof laminar coflowing jet diffusion flames, i.e., on laminar smokepoint properties.
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Thus, presentwork considersboth laminar smoke-pointand the laminar soot- point, i.e., the
latterbeing the condition where flame first begins to emit soot based on observations of yellow

luminosity from hot soot particles. Flame shapes were also considered during these tests as

discussed earlier in Section 4.4. The following discussion of the results will be brief, for more

details see Lin and Faeth(1996a) and Dai and Faeth (2000).

Some typical measurements of the fuel flow rate at the first appearance of soot emissions,

the laminar smoke-point, are illustrated in Fig. 25 for 1-3 butadiene; results for other fuels are

similar. As can be seen from the figure, increasing ua/uf, or correspondingly retarding the fuel

flow velocity, clearly increases Qf which implies larger fuel burning rates, or longer flames, prior

to the emission of soot. Put another way, the flame has greater resistance to soot formation as

the air/fuel velocity ratio increases. The effect of increasing uJuf to increase the fuel flow rate

when soot is first emitted is most evident at low pressures where effects of buoyancy are

minimized and velocity ratios over the length of flames tend to change least from initial velocity

ratios. The reduced effect of air/fuel velocity rate on Qf as the pressure increases is due to effects

of buoyancy because uJuf is no longer representative of velocity ratios over most of the flame

due to buoyant acceleration of the heated region near the flame sheet. This behavior has made it

difficult to recognize the important effect of reactant stream velocity ratios on soot processes in

laminar jet diffusion flames because most past observations of laminar smoke point properties

have been carried out at normal gravity and atmospheric pressure (Lin and Faeth, 1996a).

Some typical measurements of laminar smoke point properties at various air coflow

velocities are illustrated in Fig. 26 for propane-fueled flames; results for other fuels are similar.

This is a plot of fuel flow rates at the laminar soot point as a function of the air coflow velocity

for various pressures. On this plot, the reversed-shaded symbols indicate the condition where the

initial air and fuel velocities are the same. These results show that increased air coflow

velocities increase laminar soot point fuel flow rates. Similar to the smoke point results seen in

Fig. 25, the effect of air coflow on the laminar soot point properties is best seen at low pressures

where effects of buoyancy on flow velocities are minimized. It is also evident that flame liftoff

tends to limit the degree to which the laminar soot point can be increased so that effective use of

this technique to minimize soot formation requires ways to enhance flame attachment in the

presence of large coflow velocities as well. In any event, the results illustrated in Figs. 25 and 26

clearly demonstrate the significant capabilities of retarded fuel velocities to reduce soot

formation and emissions from laminar diffusion flames, as suggested long ago by Hussman and

Maybach (1960). Notably, use of air atomization for combusting liquid fuel sprays involves

retarded fuel velocities due to the relatively small fuel velocities and relatively large air

velocities used for the atomization process. Thus, based on present results, it is not surprising

that this injector system is well known to reduce soot emissions from spray flames.
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4.6 Conclusions

Studies of the structure (shape) and soot and smoke point properties of laminar jet

diffusion flames were carried out, seeking to minimize effects of buoyancy and obtain the

properties of the nonbuoyant flames of greatest interest for practical applications. The main

objectives of the studies were as follows: to observe flame sheet shapes for soot-free flames and

to use these results to develop simplified models of these fundamental properties; to complete

similar considerations for soot-containing laminar jet diffusion flames; and to consider the soot-

and smoke-point properties of nonbuoyant laminar diffusion flames, e.g., to investigate whether

diffusion flames exhibit state relationships for soot properties, to investigate effects of buoyancy

on laminar soot- and smoke-point properties and to investigate hydrodynamic ways to control

soot formation in diffusion flames. The main conclusions of the studies are as follows:

1. Soot-containing laminar jet diffusion flames had larger luminous flame lengths than

earlier ground-based observations: 40% larger than luminous flame lengths using an aircraft

(KC-135) facility due to reduced effects of gravitational disturbances (g-jitter), roughly twice as

long as luminous flame lengths in buoyant flames at normal gravity due to the absence of effects

of buoyant mixing, and roughly twice as long as luminous flame lengths in soot-free nonbuoyant

flames due to soot luminosity.

2. The simplified theoretical analysis of Spalding (1976) for nonbuoyant laminar jet

diffusion flames in still air yielded excellent correlations of luminous flame shapes of both soot-

containing and soot-free flames upon adjusting an empirical flame length parameter to account

for the fact that flame luminosity ends at the location of soot consumption and at the location of

the stoichiometric flame sheet along the axis of soot-containing and soot-free flames,

respectively. In fact, soot-containing flames at the laminar smoke point are roughly twice as

long as the location of the flame sheet.

3. An extension of the simplified analysis of Mahalingam et al. (1990) provided reasonably

good predictions of the shapes of laminar jet diffusion flames in strong coflow. Similar to the

behavior of laminar jet diffusion flames in still gases, soot-containing laminar jet diffusion

flames in strong coflow at the laminar smoke point-were-rougialy twice as iong :as th-e location of

the flame sheet. In addition, the laminar diffusion flames in strong coflow are 2/3 as long as

corresponding flames in still gases.

4. Based on the simplified analysis of flame shapes for laminar jet diffusion flames in still

gases, the environment of soot particles passing along streamlines within the dividing
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streamlinesof the flow causesidentical variationsof scalarpropertiesas a function of time
(independentof both the streamlinefollowed and the initial velocity of the jet). This implies
identical sootformation andoxidationproperties,andthussootproperties,asafunction of time
along these paths. Such behavior suggeststhat universal state relationships giving soot
propertiesasa function of the degreeof mixing (or themixture fraction) shouldbeobservedfor
nonbuoyantlaminarjet diffusion flames(andthus in nonbuoyantturbulentjet diffusion flames

basedon laminarflameletconcepts).Thisbehaviorwasconfirmedbasedon testsof nonbuoyant
laminarjet diffusion flamesusingSpaceShuttle facilities which exhibited identical maximum
sootconcentrationsfor all pathsfrom theburnerexit throughtheflamesheetto thesurroundings,
which is a necessarycondition for the existenceof universal state relationships for soot
properties.

5. Based on the simplified analysisof flame shapesof laminar jet diffusion flames in
coflowing air, increasedair/fuel velocity ratios for such flamesshould reduceresidencetimes
andthusthecapabilityto form sootin theseflames. This propertywasdemonstrateddirectly by
experimentsthat showedincreasedlaminarsmoke-andsoot-point flame lengthsandfuel flow
rateswith increasingair/fuel streamvelocity ratios. Theseeffectsweremost pronouncedat low
pressures,whereeffectsof buoyancywereminimized,andinitial air/fuel streamvelocity ratios
arereasonablyrepresentativeof theentirevisibleportionof theflame for presenttestconditions.

This effect is probablyresponsiblefor reducedsootingtendenciesof liquid hydrocarbonspray
flamesusing air atomizationtechniquesbecausethesemethodsintrinsically provide enhanced
air/fuel streamvelocity ratiosdue to the large air velocitiesand small fuel velocities that are
used.
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